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Testshavebeenmadeon a powercontrolsystembymeensofa ground
simulatortodeterminetheeffectsofvariousconibinationsofvalvefric-
tionandstickfrictionontheabil.i~ofthepilotto controlthesys-
tem. Variousfrictionconditionsweresimulatedwitha rigidcontrol
system,a flexiblesystem,anda rigidsystemhavingsomebacklash.For
thetests,theperiodanddampingofthesimulatedairplanewereheld
constant.

Theresultsshowthat,whenvalvefrictionwaspresentin a rigidt system,theintroductionof stickfrictionwasbeneficialinthatit
restoredsomeofthequalitylostbecauseofthevalvefriction.When

* flexibilitywasintroducedbetweenthepilotandthesourceof stick
friction,stickfrictionwasstillbeneficialbut,withflexibility
betweenthesourceof stickfrictionandthevalve,nobenefitswere
obtainedfromstickfriction.Whenbacklashwasintroducedbetweenthe
pilotandthesourceof stickfriction,thevalve-frictioneffectwas
notsoobjectionableas intherigidsystem;stickfrictionimproved
thissystemsti~ further.Withbacklashbetweenthestickandthe
valve(M.02’5inchatthevalve),eventhefrictionlesssystemwasunde-
sirable,andtheadditionofanycombinationofthefrictionsreduced
thecontrolqualitystillfurther.

INTRODUCTION

*

.

TheabiMtyofthepilotto controlsmairplaneisdependenton
a greatnumberof control-systemvariablessuchas friction,backlash,
andflexibility.bsofaras isknown,no systematicstudyhasbeen
madetodeterminetheeffectsofthesevariables.TheNationalAdvisory
CommitteeforAeronauticsthereforehasbuilta dynsmicgroundsimulatir
forthepurposeof sucha study.h viewofthelargenuniberofvaria-
blesinvolved,itisdoubtfulthata precisedefinitionoftheoptimum
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combinationofthesevariablescanbe established;however,itisbelieved ●

that theresultswill,leadto a betterunderstandingofeacheffectand
mays~est somegeneraldesignrules. Y

Previousinvestigations(forexanple,ref.1)haveshownthat
servocontrol-valvefrictioncanreducethequalityofa powercontrol
systemto suchanextentthatsensitivityp“robkmsand,in somecases,
pilot-inducedoscillationswillresult.Itwassuspectedthatthevalve-
frictioneffectis greatlydependentuponthemechanicalcharacteristics
oftheLbkagesbetweenthepilotandthevalvesuchas staticfriction,
flexibility,andbacklash.Therefore,testsweremadeto studythe
effectsofvariousratiosofvalvefrictionto stickfriction.Theterm
“stickfriction!’isusedhereinaftertodenotethestaticfrictionin
themechanicalpartsofthesystembetweenthepilotandthevalve.
Vsriousfrictionratiosweretestedwitha rigidcontrolsystem,a flexi-
blecontrolsystem,anda rigidcontrolsystemwithbacklash.Forthese
teststheperiodanddampingofthesimulatedairplane,thepower-control
the constant,thestick-forcegradient,andthecontrol-surfacesensi-
tivitywereheldconstant.Theresultsinthispaperaretherefore
limitedtothefixedvaluesoftheseparsmters.
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SYMEOLS

time, sec

angleofattack,deg

control-surfacedeflection,deg

rateof chmgeofflight-pathangle,deg/sec

attitudeangle,deg

dampingratio

naturalfrequency,radians/see

differentialoperator,d/dt

steady-stateratioof u to b
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APPARATUS

Figure1 showsa photographofthesimulatorusedinthetestsand
figure2 presentsa schemticdrawingofthesimulator.Thesimulator
consistedof
deflection.
short-period

a chairthatwasdesignedtopitchinresponseto control
!lhepitchingmtion,whichis closelyassociatedwiththe
nmdeofan airplane,isexpressedby thefollowinge~tion:

. Jt
Chair angle=O= gb+:: 5 dt

o
(1)

Theterm o@ isthetransferfunctionofa single<egree-of-freedom
systemwithspringrestraintandviscousdamping.Thistransferfunc-
tionnaybewrittenas follows:

Thisexpressionneglectstheeffectsoftailliftontheaccelerationat
thecenterofgravi~. Theterm ~/a isthetransferfunctionrelating
rateof changeofflight-pathangletoangleofattack.IYthetaillift
andunsteadylifteffectsareneglected,thistermisa constantformy
givenflightcondition.

A slide-tin-typepowercontrolunittypicalofthoseusedin
present-dayfighterairp~es wasinstalledtoactas thedrivingunit
topitchthechair.Thepistonrodof theactuatorwasattachedto the
chairandtheendofthecylinderbodywasattachedtoa springthrough
a bellcrank.As canbe seenfromfigure2, extensionorretractionof
theactuatornmvedthebel.lcrank.T5isbellcrsakcanbe consideredto
be representativeofanai@ane’s longitudinalcontrolsurface.Mtion
ofthisbellcrank5,whenmultipliedby thetransferfunctiona/5,
suppliesthefirsttemninequation(l).

A cablewasattachedto theotherendofthespringandpassed
arounda pulleyconnectedtotherigidsupport.Thiscablewasgeared
to a hydraulicmotorwhichwasdrivenby a variable-displacementpump.
Theinputarmofthevsriable-displacementpumpwasmechanicallylinked
totheoutputofthepowercontrolactuator.Thislinkagedetermines

a $ inequation(1)=thesteady-statevalueof theproduct~~ Sinceno

fol.lowupsystemwasattachedtothevariable-displacementpump,motion
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ofthepowercontrolactuatornotonlynmvedthe“tailsurface”and “t
causedan initialchangeineagleofattackbutsignaledthevariable-
displacementpumptorotatethedrumata rateproportionalto thedis-
placementofthepowercontrolactuator.Thus,thevariable-displacement Y

puqpproducestheintegrationof 5 showninequation(l). Sincethe
variable-displacementpumpalsomovesthechairthroughthesamespring
towhichthepoweractuatorisconnected,thetransferfunctiono@
alsoappearsinthesecondtermofequation(l). Theoveralleffectof
thevariable-displacementpumpcanbe consideredtorepresentthepitching
motionassociatedwithcurvatureoftheflightpathresultingfromlifton
thewing. As showninfigure2,a rotary-typedamperwasusedtoprovide
dampingtothechair.The short-pericxldynamiccharacteristicsareadjust-
ablesothatanyflightconditionofanyairplanecanbe simulated.For
thesetests,theairplanedynamicswereheldconstant.A timehistoryof
theres~nsecharacteristicsofthechairandalsothesimulatedresponse
of angleofattackfollowinga stepstickdeflectionareshowninfigure3.

A controlstickwasmountedtothemovableframethrougha ball
bearingandwasconnecteddirectlytothecontrolvalveofthepowercon-
trolunitby a push-pullrod. Themechanicaladvantagebetweenthestick
andthevalve(thatis,theratiobetweenlinearmotionofthestickgrip
andthevalvenmtion,theoutputbeingfixed)wasabout4:1. Theinertia
ofthestickandthepush-pu31rodwasabout0.22slug-feet2andthestick
lengthwasabout24inches.Theratiobetweenstickrotationandrotation .
of theoutputbellcrank5 was1:5. Hereagainallattachmentpoints
weremadeasfrictionlessaspossible.As indicatedinfigure2,an
adjustablefrictionclampwasusedtovarythestickfriction.A similar “
arrangementwasinstalledonthecontrol-valvestemsothatvalvefric-
tioncouldbe varied.

Forthesetestsa simplecantileverspringattachedto thestickwas
usedtoprovidethepilotwithfeelforces;-Thisspringsuppliedlinear
forceswithstickdeflection;theseforcesresultedina feelgradient
of approximately4 poundsperinchof stickdisplacement.Nopreload
wasprovidedinthefeeldevice.Thechairwhendisturbedwouldreturn
towithin0.1degreeof itstrimposition.Thisconditionwascaused
by thesummationofthesmallanmuntsoffrictioninthemainsupport
bearings,thepulley,andthechairdamper.Thestickgripcouldbe

-.

movedapprox~tely~0.02inchwithoutcausinganymotionofthepower
controlactuator..Thisdeadspotinthestickmotionwascausedpri-
mri.lyby thedeadspotinthecontrolvalve.Thelostnmtionbetween
thestickandthevalvewasnotperceptibletothepilot.Theflow-
strokecharacteristicsofthevalvewerenonlinear,smalldeflections
providingrelativelyslowercontrol-surfacerates.However,thetime
constantoftheservoresponsewasveryshortcomparedwiththeresponse
timeofthesimulatorandwasnotconsideredtobe a significantfactor
inthesetests.Thecontrolvalveitselfhadsomeinherentfriction

*

whichamountedto about4 ouncesintermsof stickforce.Thisvalve
~.
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frictionwaseliminatedforthezero-valve-frictiontestsbymeansofa
smallvibratormountedonthevalvestemasdescribedinreference2.

Itshouldalsobepointedoutthatthepowercontrolunitused
incorporateda v5scousdamperonthevalveforthepurposeof elimi-
natingvalvechatter.Thisdamperwasnotchangedthroughoutthetests.

Thelightbulb,lens,andmirrorwereattachedto thechairand
arrangedsothata spotoflightwasprojectedona screenlocatedin
frontofthepilot.BMionsofthelightspotindicatedtothepilot
theattitudeangleof thechair.A secondspotoflightwasalsopro=
jettedonthescreenandwascontrolledby a cam. Thecam-drivenlight
spotmovedfromoneverticalpositionto anotheron thescreen,andthe
pilotattemptedtomke thelightspotforthechaircoincidewiththe
cam-drivenlightspot.

Straingageswerenmuntedonthecontrolsticktomeasurecontrol
forces,andslide-wiretransmitterswereusedtomeasurestickposition,
chairangle,andcamposition.Thesefourqusmtitiesandtimewerecon-
tinuouslyrecordedon standardNACArecordinginst~nts duringthetests.

TESTSANDPROCEDURE

Fortheseteststhedynamicsofthesimulatorwereadjustedto corre-
spondapproximatelytothoseofa fighterairplaneflyingat analtitude
of 10,000feetandMachnumberof O.&l. Theperiodwassettobe 1.0sec-
ondandthedampingratio,0.45. Thesimulatorwasadjustedsothatthe
stickdeflectionperdegreeof stabilizerdeflectionwasmadelargerthan
itsnormalvaluetorepresentthegearingthatwouldbeprovidedbyuse
ofa mechanical-advantagechsmgerintheairplane.Withthisarrangement,
thesteady-stateratioofangleofattackto stickdeflectionwasapproxi-
mate~ 0.60. Thevariable-displac~tpumpwasadjustedtoprovidea
steady-statevalueof about1 degreepersecondperdegreefortheratio
ofpitchingvelocityto stickdeflection.

Thepilots’taskduringthetestsinvolvedkeepingthelightspot
forthechairlinedup horizontallywiththecam-drivenlightspot. The
easeandprecisionwithwhichthepilotscouldfollowthecam-drivenlight
spotprotidedthebasisforthejudgingofthequalityofthecontrolsys-
tem. Tnadditiontotherecordeddata,thepilots’opinionswereweighted
heavilywhenthevariousconfigurationswereevaluated.

Thefrictionconditionstestedareshowninfigure4. Allvaluesof
frictionquotedinthispaperaregivenintermsof stickforce.These
conditionsweretestedwitha rigidcontrolsystem,a flexiblecontrol
system,anda rigidcontrolsystemhavingsomebacklash.
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configuration,atleasttwoNhCAtestpilotsobtained +

w

RESULTSANDDISCUSSION

RigidControlSystem

XIes ofthedataobtainedareshownastimehistoriesinfigu-
re 5 forvariousrepresentativefrictionconditions.Thequalityof
eachconfigurationisindicatedby theovershootsandoscillationsin
thechairrecordandalsobythelengthoftimerequiredtomikethe
chairrecordcoincidentwiththetargetrecord.Coincidenceofthetwo
recordsindicatesthatthepilotwas“ontarget.”

Figure5(a)showsrepresentativeresultsobtainedwhenthecontrol
systemwasessentiallyfreeofallfriction.Theabsenceoflargeover-
shootsandoscillationsinadditiontotherelativelyshortlengthof
timerequiredto getonthetargetindicate=thatthepilothadlittle
difficultyinperformingthetask. Thepilotscormnentedfavorablyon
thissystemalthoughtheybelievedthatthel/2-poundlimitof stick
frictionquotedinreference1 wouldbe necessaryinflight.Thesmall
stickfrictionwouldbe helpfulinalleviatingthesmallunintentional .
controlinputsthatmayresultfromsuchthingsasthemanydutiesof
thepilotwhichmmnentarilydiverthisattentionfromthecontrolof
theairplaneorrough-airconditions.

● ,

Sometestsweremadewiththevibratorremovedfromthevalvestem.
Withoutthevibratorthevalvefrictionwasabout4 ouncesintermsof
‘stickforce.Thepilotscouldnotdetectsnyeffectofthissmallamount
of frtctionandtherecofiswereverynearlyidenticaltothoseshownin
figure~(a).Forthisreasonthetestswith4-ouncevalvefrictionare
notshown.

Figure5(b)showstheeffectsofl~poundsoffrictioninthecon- .—

trolvalve.Theovershoots,oscillationsandtherelativelylongtime
reqyiredto getonthetargetaregoodindicationsoftheamountof
controlsystemqualitylostthroughthei~roductionofthevalvefric-
tion. Thelatterportionoftherecordsfiowstheextremedifficulties
encounteredinpositioningthechairpreciselyona givenpoint.This
effecthasbeenmeasuredinflightandis-discwsedinreference1.
Duringthesimulatorteststhepilotsbelievedthatl~poundsof”vslve

-.

frictionwereobjectionable.Theydidnotobjectonthegroundsofthe
resultingincreaseinforcesnordidtheybelievethesystemtobe sub-

.

Jecttoviolentpilot-inducedoscillations.Theobjectionswerebased
simplyon theirinabilitytomakefinecorrectionspreciselyandtheir
feelingthatthemachinewasflyingthepilot.

*
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f Figure 5(c) showstheresultsobtainedwhenthe1*

frictionwereusedinconjunctionwiththel~poundsof
s

7

-s of stick

valvefriction.

.

.

Althoughthetotalbreakoutforceatthestickdueto frictionwas
increased,theoverallperformancewasimproved;thestickfriction
alsorestoredthepilot’sfeelingthathehadcontrolofthemachine.
Thestickfrictionlockedthevalvepush-pullrodandtherebyallowed
thefollowupto ret~ thevalvetoneutral.

Figure5(d)presentstheresultsobtainedwithabout~pounds of
valvefriction.!RErecordsshowthatcontrolthroughsucha systemis
ratherhopeless.Thetendencyforthechairamplitudeto increaseisa
goodindicationoftheactualdangerassociatedwiththisauunt ofvalve
friction.Itshouldbe rememberedthatthesimlatordoesnotinclude
theeffectsofroughairortheaccelerationeffectsonthepilotor
-pUtSofthesystem.Thesefactorswhichsrepresentinflightwill
aggravatetheoscillatorynatureofthesystemandthereforewillmagnify
thedangerinvolved.me pilotsnotedthat,eventhoughtheseaggravating
factorswereabsentinthesimulator,theslightestdistractioncould
veryeasilyleadtoviolentpilot-inducedoscillations.Itseemssafe
to saythatviolentoscillationscouldbe causedinflightbyvalve-

frictionvalueslessthanthe~pounds forthesameflightconditions
andstabilityparsmeterssetup inthesimulator.

Figure5(e)showstheresultswhen#Zpoundsof stickfrictionwere
.

introducedinadditionto the2*poundsofvalvef!riction.Eventhough
thefigureshowsthatthepilot–couldgetonthetarget,thelargeover-
shootssuggestdifficultiesthatmakeprecisecontrolsomewhatuncertain.
Thestickfriction,however,wasnoticeablybeneficialsincetheviolent
oscillatorytendencieswereeliminated.me pflotsverifiedtheseobser-
vationsbutobjectedtothesystemnotonlyon thebasisofprecisecon-
trolbutalsobecauseoftheamunt ofworkinvolved.Allpilotsagreed
thata totalbreakoutforceduetofrictionofabut 3 poundsorless
wouldbemoredesirableinflightforairplanesofthetypebeing
simulated.

Sometestswerealsomadeinwhichthevalvefrictionwasreduced
to zeroby meansof a smallvibratorandvariousamuntsof stickfric-
tionwereevaluated.Thepilotscoulddoa muchbetterjobwiththe
higheststickfrictiontested(3 pounds)thantheycouldwithonly
l~poundsofvalvefriction.ActualJy,thebestperformancewasachieved
2
whenthestickfriction wasin therangebetween1/2and2 poundsandthe
pilotsbelievedonthebasisof thesetestsandon thebasisoftheirpre-
viousexperiencethattheywouldprefersuchsystemsforactualflJght.
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Testswerealsomadeinwhichthevalvefrictionwasheldconstant
andthestickfrictionwasvaried.Fromthesetestsitwaslearnedthat,
whenvalvefrictionwaspresent,thebestco-ritrolqualitywasachieved
whenthestickfrictionwasequaltoorve@—slightlygreaterthanthe
valvefriction.An excessordeficiencyin-stickfriction,however,
resultedin somequalityreduction;thesystemwithnmrestickfriction
thanvalvefrictionwasconsideredtobe desirableprovidedthatthe
totalbreakoutforcedueto frictiondidnotexceed3 pounds.

#

t

Theresultsthusfardiscussedhavebeencondensedintoa plotof
stickfrictionagainstvalvefriction(fig.6) whichshowsthegood,
tolerable,andunsatisfactorycombinationsofthesetwotypesoffric-
tion. Itshouldbepointedoutthattheconditionsratedunsatisfactory
were,ingeneral.,flyablebutwouldbeveryobjectionablefroma pre-
cisioncontrolstandpointaudwouldbeverytiringtothepilotover
longperiodsofthne. Eventhoughthefigureshowsthatgoodperfomnance
canbe obtainedwithasmuchas 1 poundofvalvefrictionand1 poundof
stickfriction,thedesignershouldstrivetodecreasethevalvefriction
asmuchaspossible.Thisdecreasewouldresultina smilertotalfric-
tionforceanda betterperformingcontrolsystem.Thispointisextremely
difficultb showgraphicallyandno attemptwastie todo soinfigure6;
however,itisworthmentioningbecausethetestsindicatedthat,asthe
systemapproachedtheconditionofpurestickfriction,performanceand
pilotimpressionimproved. .

Anotherpointthatshouldbebroughtoutisthatfigure6 applies
onlytotheconditionsofthetestsandwouldnotbe e~ectedto apply

.

ifotherdevicessuchasvalvecenteringspringswereusedto attempt
to compensateforthevalvefriction.

FlexibleControlSystem

Sincethispaperisconcernedprtmrilywiththeeffectsoffric-
tion,thecompleteeffectsof flexibilitytienottreatedhere. Subse-
quenttestsshouldbemadetodeterminetheeffectsofvariouscomMna-
tionsofflexibilityandvalvefrictiononcontrolquality.Limited
testsonflexibilityareincludedinthispaperto illustratetheeffect
thatitproduceswhenintroducedinthepresenceof stickfrictionand
valvefriction. ..

Therigidpush-pullrodconnectingthesticktothecontrolvalve
wasmodifiedtoincludea flexiblelinkto simulatea flexiblecontrol
system.Thismodificationalsoplacedtheflexibilitybetweenthefeel
deviceandthevalve.Thespringconstantoftheflexiblelinkwasset
toa lowvalue(4poundsof stickforceperdegreeof stickangle)so .
thattheeffectwouldbe easilyrecognized.Thesametypeoftestsand
frictionconditionsasdescribedintheprevioussectionwereevaluated
andrepresentativerecordsofthesetestsarepresentedinfigure7. *



B
NACATN 3998 9

.

.

Figure 7(a) showstheresultswitha frictionlesssystem,andthe
similaritybetweenfigure7(a)andfi~e ~(a)showsthattheflexibility
hadlittleorno effect.Thepilotsagreedthattheflexibilitywas
notdetectableinthisconditionandthereforetheyratedthissystem
thesameas therigidsystem.Hereagainthesystemwastriedwith
4 ouncesofvalvefriction.Thepilotsbelievedthatthefrictioneffect
wasa littlemre noticeableintheflexiblesystemthanintherigid
systembuttheystillconsideredtheconfigurationtobe tolerable.
Theflexibilitymagnifiestheundesirablevalvefi?ictioneffectby
allowingthevalveto %tor’tthecontrolsurfacethrougha certain
range,dependentontheamountofvalvefriction,bydeflectingthe
flexiblelink.Also,theforceswhichthepilotappliesinattempting
t-ocompensateforthemotoringmst be transmittedto thevalvethrough
theflexiblelink. Whenvalvefrictionispresent,therefore,thevalve
will.notmoveuntilthepilot’sforcehasdeflectedtheflexiblelinkto
thepointatwhichthespringforceinthelinkovercomesthevalve
friction.

Figure7(b)showsthedifficultiesintroducedby l~poundsofvalve

frictioninconjunctionwiththeflexibility.Eventhoughfi~e 7(b)
doesnotdiffermuchfromfigure5(b),an overallcomparisonof allthe
recordsobtainedshowedthattheflexibilitycauseda verydefinite
reductionin controlquality.Thepilotsremarkedthatpilot-imduced
oscillationswerepossiblewiththissystem;however,theyfeltthat
suchoscillationscouldbe controlledsomewhatby intenseconcentration.
Theskillandexperienceof thepilotsinvolvedinthesetestswere
believedtobe importantfactorsinthepreventionofviolentoscilla-
tionswiththissystem.

Figure7(c), whichshowstheresultsforl~poundsof stickfric-
tionsmll~poundsofvalvefriction,provesthatstickfrictionisnot
beneficialwhenflexibilityexistsbetweenthestickandthecontrol
valve.Infact,theoverallperformancewiththissystemseemedtabe
worsethanthatobtainedwithvalvefrictionalone,andthepilotsnoted
thatthestickfrictionrenmvedthesmallamountof controlconfidence
thatwaspresentinthesystemwithvalvefrictiononly. Thisresult
isunderstandablesincethestickisno longerrigidlyconnectedtothe
valvebecauseoftheflexiblelink;thus,thestickfrictionisprevented
from“locldng”thecontrolpush-pullrodandthevalveisalJowedto cen-
teritself.Stickfrictionin sucha systemonlyreducesthequality
stillfurtherby causinga nonlinearrelationbetweenthestickforceand
stickmtion. Itis interestingtonotethatpilotshavingconsiderable
experiencein controllingsystemsinvolvingvalvefrictionalonecan
moreorlesscopewtththedifficultiesandproducesurprisinglygood
performancealthoughtheyinvariablycementthatsuchsystemsare
unsatisfactory.It isbelievedthatthesepilotsaresuccessfulbecause
theychangetheirtechniqueof flying,as explainedinreference1, from
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forceconsciousnesstopositionconsciousnessbecausevalvefriction ,..
destroystherelationshipbetweenforceapplicationandcontrol-surface
position.Thismethodof changingtechniquesisnotsuccessful,how-
ever,whenflexibilityisintroducedinthepresenceofvalvefriction

c

becausetheflexibilitydestroystherelationshipbetweenthestick
positionsmdthecontrol-surfaceposition.

Figure7(d)presentstheresultsobtainedwith2~poundsofvalve

frictionandfigure7(e)showstheresultsobtainedwith2~poundsof

stickfrictionand2~poundsofvalvefriction.Theperformanceofboth
systemsappearstobe similarinthatprecisecontrolisimpossible;
thepilotsremarkedthatbothsystemswere-extremelysusceptibleto
violentoscillationsandtheycouldnotdetectanybenefitsfromthe
stickfriction.

Figure8 showstherangesof good,tolerable,andunsatisfactory
combinationsof stickfrictionandvalvefrictionwhenflexibili~exists
betweenthestickandthevalve.Thisfigureappliesonlyto casesin
whichtheflexibilityisthesameasthatquotedpreviously.Nodoubt
thelimitswillchangedependingupontheamountofflexibilitypresent;
however,thefigureshowsthedetrimentaleffectoncontrolqualitysince
withthisamduntofflexibiU~onQ 4 ouncesofvalvefrictioncouldbe

.

tolerated.

Thecontrolstickwasmcdifiedto includea flexiblelinkto simu-
.

lateflexibilitybetweenthepilotandthepointatwhichstickfriction
wasapplied.Thismodificationalsoplacedtheflexibilitybetweenthe
pilotandthefeelspring.Theamountofflexibilityinthissystemwas
thesameaswasintroducedbetweenthestickandvalve.Thestickwas
againconnectedtothecontrolvalve

Figure9(a),whichrepresentsa
differencesfromtherigidsystemof
feelanyeffectsoftheflexibility.

bym?snsofarigidpush-pullrod.

frictionlesssystem,showsno large
figure5(a)andthepilotscouldnot

Figure9(b)presentstheresultswith$pounds ofvalvefriction.
Comparisonwithfigure5(b)showsthata littlelessdifficul@was
encounteredwiththissystemthanwase~eriencedwiththerigidsystem.
Thepilots~complaints,however,wereverysimilartothoseregarding

therigidsystemwithl~poundsofvalvefrictioninthatprecisecon-

trolwasdifficultbutviolentoscillationswerenotprobable.
.

Figure9(c)showstheresultsofl~poumdsof stickfrictionand

Q poundsofvalvefriction.2
Thisfigureshowsthat,in spiteof”the .,
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increaseinbreakoutforce,theperformanceisverysimilarto that
showninfigure9(b).Thepilots,however,statedthatthestickfric-
tionwashelpfulinrestoringtheirfeelingof controlandtherefore
theyratedthissystemabovethesystemrepresentedbyfigure9(b).

Theeffectof ~pounds ofvalvefriction,whichis showninfig-

ure9(d),wasto causethesystemtobe subjecttoviolentoscillations
andtomskeprecisecontrolimpossible.Comparisonof figure9(d)with
figure5(d)showsthatthevalve-frictioneffectwas,however,notso
severeasthatobtainedwiththeoriginalrigidcontrolsystem.The

additionof~pouads of stickfriction,showninfigure9(e),didnot

improvetheprecisecontrolofthesystem.Itdid,however,restorethe
pilots’feelingsofbeingabletopreventanyviolentoscillations.

No attemptwasmadetoestablishlimits,aswasdoneinfigures6
and8,because,asmentionedpreviously,mme detailedtestsareneeded
todo so. Comparisonof figures7 and9 doesshow,however,thehpor-
tanceofthelocationoftheflexibilitywhenvalvefrictionispresent.
Thepilotscementedthatflexibilitybetweenthepilotandthesource
of stickfrictionisfarnmretolerablefromthepilots’standpointthan
flexibilitybetweenthesourceof stickfrictionandthevalve.b prac-
tice,thisresultmeansthatstickfrictioncanbe beneficialevenina
flexiblesystemiftheequivalentstickfriction(frictionbetweenthe
valvestemandairplanestructure)is introducedverycloseto thepower
controlunit. Also,thefeeldeviceshouldbe locatedbetweenthesource
of flexibilityandthevalve.

ControlSystemWithBacklash

As inthecaseoftheflexibilitytests,thelimited
regardingbacklashareincludedinthispaperto showthe
ofbacklashwhenintroducedbetweenthecontrolstickand
alsobetweenthepilotandthesourceof stickfriction.
whichthebacklashwasintroducedareshowninfigure2.

results
generaleffects
thevalveand
Thepointsat

Thepush-puJlrodconnectingthestickto thevalvewasmdifiedso
thattherewasaboutti.025inchofbacklash,intermsofvalvenmtion,
betweenthestickandthevalve.Thismodificationalsoplacedtheback-
lashbetweenthefeeldeviceandthevalve.Thisbacklashanmulltedto
aboutAO.1Oinchoftiion atthestickgrip.

Figure10 showstim historiesoftheeffectofbacklashbetween
thestickandthevalveforvariousfrictionconditions.Thesefigures
showthat,eventitha frictionlesssystem,thepilotscouldnotposition
thechairpreciselyand,as thebreakoutforcewasincreased,thecontrol
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qualitydeteriorated.Thepilotsnotedthat,evenwiththefrictionless
system,precisecontrolwasdifficultsnd,asthevalvefrictionwas
increased,thedsngerofoscillatingbecame~re pronounced.Stick
frictionalsoproducedthesameresultsbutthepilotsbelievedthatthe
stick-frictioneffectwasnotsoobjectionableasthevalve-friction
effect.Theimportantpointisthatnoneoftheconditionswereeven
tolerablewiththissamuntofbacklashatthevalve.

Thebacklashbetweenthestickandthevalvewasthenremovedand
thesameamuntofbacklashwasintroducedbetweenthepilotandthe
pointatwhichthestickfrictionwasapplied.~is modificationalso
placedthebacklashbetweenthepilotandthefeelspring.Theresults
fromthesetestsarepresentedinfigure11. Thefrictionlesssystem,
as showninfigureU(a),wasnottoodifficultto controleventhough
thepilotscouldfeelthebacklashinthestick.Withl~poundsof
valvefriction(fig.n(b)),thesystemperformancewasverysimilarto,
butpossiblya littlebetterthan,theorigitirigidcontrolsystemwith
thessmefrictioncondition.Precisecontrolwasdifficultbutthesys-
temshowednotendencytoproducetiolentoscillations.It shouldbe
rememberedthatthissamefrictionconditionwhencoupledwithbacklash
betweenthestickandthevalveproduceda verydangeroussystemthat
wassusceptibleto severeoscillations.Withbacklashbetweenthepilot
andthesourceof stickfriction,thestickfrictionimprovedthesystem.
(Seefig.11(c).) Eventhoughtheinitialovershoottendedtobe lk.rger,

.

thepilotcouldpositionthechaironthetarget.Thisimprovementisin
directcontrasttothedetrimentaleffectsof stickfrictionwhenthe -.
backlashwasbetweenthesticksmlvalve.Figuren(d) showstheresults

of 2*poundsofvalvefrictionandfiguren(e) shows2*poundsofvalve

frictionand~ poundsof stickfriction.Ineachcasetheperformance

showsthatnoviolentoscillationswereeverencounteredalthoughprecise
controlwasextremelydifficult.Thepilotscementedthatwithvalve
frictionthesystemwassubjectonlytomildoscillationsandthistend-
encywascompletelyremovedby theadditionof stickfriction.These
obsenrationsleadtotheconclusionthatthebacklashbetweenthepilot
andsourceof stickfrictionisnotnearlysodangerousasthebacklash
betweenthestickandthevalve.Infact,therecordsandcomments
regardingthebacklashbetweenthepilotandstickfrictionindicate
thatvalvefrictionwasnotsodetrimentaltothissystemas itwasto
therigidcontrolsystemwithcomparablefrictionconditions.Itwas
noticedduringthetestsoftherigidsystemwithvalvefrictionalone
thatthepilots,whentheywishedto stopthechairmotion,appliedthe
necesssryoppositeforceina jerkingrmm.nerthatresultedinsminstan-
tsmeous“kickr’onthepush-pullrodwhichcenteredthevalve.Itis
possiblethat,withthebacklashbetweenthepilotandthesourceof
stickfriction,thestickactedasa convenient%amer,” withinthe
baclilashrange,withwhichthepilotstappedthecontrolrod to break

.

.
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thevalvefriction.hkn?edetailedtestsarerequired,however,to
establisha nmredefiniteexplanationforthebehaviorofbacklashin
thisparticularlocation.

CONCLUSIONS

Testshavebeenmadewitha groundsimulatorincorporatinga power
controlsystem.T&epurposeof the’testswastodeterminetheeffects
ofvariouscombinationsofvalvefrictionandstickfrictionon the
abilityof thepilotto controlthesystem.Variousfrictioncondi-
tionsweresinuil.atedwitha rigidcontrolsystem,a flexiblesystem,and
a rigidsystemhavingsomebacklash.Fromtheseteststhefollowing
conclusionscanbe drawn:

1.Whenvalvefrictionispresentina rigidcontrolsystem,stick
frictionisbeneficialinrestoringsome’ofthequalitylostbecauseof
thevalvefriction.Theoptimumqualityisachievedwhenthestickfric-
tionisequaltoor slightlygreaterthanthevalvefrictionmeasuredat
thestick.

2. Thetotalbreakoutforcedueto frictionshouldnotexceed
3 poundsintermsof stickforce.Control-systemqyalityimprovesas
thevalvefrictionisreduced;however,reducingthevalvefriction
below~ ouncesdidnotyieldanysignificantimprove=nt.

3. Whenflexibilityexistedbetweenthevalveandthesourceof
stickfriction,theundesirableeffectsofvalvefrictionweremagni-
fiedby theflexibility,andtheintroductionof stickfrictionreduced
theqmlitystillfurther.

4.Whenflexibilitywasintroducedbetweenthepilotandthesource
of stickfriction,stickfrictionwasagainbeneficialinrestoringsome
@ty lostbecauseofthevalvefriction.

5.Withbacklashbetweenthestickandvalve(~0.025inchatthe
valve),‘precisecontrolwasdifficultevenwiththefrictionlesssystem~
andthequali@deterioratedasvalvefrictionor stickfrictionwas
increased.

6. Withbaclilashb-etweenthepilotandthesourceof stickfriction,
thevalve-frictioneffectwasnotas objectionableas itwasintherigid
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system,andtheintroductionof stickfrictionimprovedthesystemstill
f%rther.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

~eY Field,Va.,February8,1957.

.
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